[1] Deformation of till produces power law creep for low strain at stresses high enough to cause permanent deformation but below the shear strength. Experiments were conducted on till (a mixed size granular material) from Matanuska Glacier, Alaska, and the Scioto (Ohio) Lobe of the Laurentide Ice Sheet (Caesar till). We deformed till in double direct shear under fixed shear velocity or shear stress (creep). Normal stress ranged from 50 kPa to 5 MPa at shearing rates ranging from 1 to 300 mm/s for 1 cm thick samples. Creep was induced via small step perturbations in stress. Fabric development within till layers was investigated by varying shear strain prior to creep tests. In velocitycontrolled experiments, till deforms as a nearly Coulomb plastic material with slight velocity strengthening, corresponding to a stress exponent, n > 60. Creep experiments conducted well below the shear strength indicate lower n values, increasing as shear stress increases. With increasing initial strain and inferred fabric development, the creep strain rate decreases while n increases. Experiments at a normal stress of 1 MPa and no initial strain show n = 6.8, increasing to n = 17.5 at higher shear strains; however, strain rate was still decreasing and thus these values represent maximum estimates. Our data show that in the absence of dilatant hardening till exhibits rate sensitivity at strain of order 1 or less. At low strains, n likely depends on consolidation state, permeability, and dilation. Deformation is nearly rate insensitive (Coulomb plastic) at shear stress near the shear strength or at high strain.
Introduction
[2] Glaciers can move by a variety of processes, with deformation of subglacial till playing a major role for some valley glaciers, ice streams, and ice sheets [e.g., Paterson, 1994; Alley, 2000; Clarke, 2005] . Seismic studies have shown that the material under fast-moving ice streams is highly porous water-saturated sediment (till) Blankenship et al., 1986; Peters et al., 2006] . The actively deforming layer, which ranges in scale between centimeters and several meters [e.g., Kamb, 1991; Engelhardt and Kamb, 1998; Truffer et al., 2000] , is produced by reworking of sediment or by wear processes such as abrasion or plucking. At high effective stress (overburden stress minus pore water pressure), the shear strength of till is larger than the shearing resistance of ice, so deformation only occurs within the ice; at low effective stress, till is more likely to deform than ice [e.g., Engelhardt et al., 1990; Paterson, 1994] . Effective stresses may range from a few kPa or less to a few hundreds of kPa with channelized water drainage favoring higher values [Alley et al., 1989a; Engelhardt et al., 1990; Paterson, 1994; Engelhardt and Kamb, 1997] . Low effective stress can also limit bed deformation by allowing sliding at the ice-bed interface [e.g., Kamb, 2001; Iverson et al., 2003] .
[3] Early studies of bed deformation assumed a viscous or near-viscous relation for till deformation [e.g., Boulton and Hindmarsh, 1987] . Laboratory tests of till deformation are sparse [e.g., Tulaczyk, 2006] , but have produced important results leading to the idea that till is more nearly a Coulomb plastic (treiboplastic) material [e.g., Kamb, 1991 Kamb, , 2001 Iverson et al., 1997 Iverson et al., , 1998 Tulaczyk et al., 2000] . However, debate still exists as to whether till is best characterized by a ''viscous'' rheology (with a nearly linear relation between shear stress and strain rate) or ''plastic'' rheology (for which shear stress is related to strain rate raised to a power of 10 or more) [e.g., Kamb, 1991; Jenson et al., 1995; Hindmarsh, 1997; Iverson et al., 1998; Alley, 2000; Tulaczyk et al., 2000; Fowler, 2003, Kavanaugh and Clarke, 2006] . This study aims to couple current ideas on frictional rheology, drawn in part from studies in fault mechanics and granular materials, with those of Coulomb plastic failure and time-dependent viscous creep at stresses below the steady shear strength at high strain.
Terminology
[4] Technical terms differ between the various communities that study friction and the rheology of glacial and granular materials. We have chosen what we believe are widely accepted usages, but we define them here for clarity. Our experiments employ either a controlled shear velocity or a controlled shear stress, with measurements of the resulting shear stress or shear velocity, respectively. In either case, we may calculate a bulk shear strain rate for the sample using the measured layer thickness and the boundary offset. If shear stress exceeds the yield strength, permanent deformation occurs. The shear stress value at which the bulk sample undergoes macroscopic and steady frictional shear is referred to as the residual shear strength.
[5] When permanent deformation is occurring, the deformation rate or shear strain rate may increase with shear stress. Data can be modeled by assuming that the strain rate increases as a power, n, of the stress, so this is often called power law creep. The case in which the strain rate increases linearly with stress is linear-viscous deformation. The concept of viscosity is based on a stress exponent of one, but the deformation may (very loosely) be termed viscous for any exponent of the order of 1. To distinguish between true Newtonian viscosity and what we approximate as viscous, we use the term ''pseudoviscous''.
[6] At some sufficiently high shear stress, it becomes difficult to further raise the stress; the material can undergo arbitrarily rapid deformation. If we neglect further, secondorder variations in stress that may arise from changes in strain rate, this strength is called the residual shear strength; related terms in the literature include ultimate, steady state, or fully mobilized strength. The residual shear strength typically exhibits second-order variations with velocity. Shear strength increases (velocity strengthening) or decreases (velocity weakening) with the logarithm of velocity or, alternatively, strain rate varies as a high power of the stress. The case of velocity-independent strength satisfies perfectly plastic behavior, with all shear stresses (friction values) being equal for all shear strain rates assuming a constant effective stress. This case can be modeled as a power law with the exponent tending to infinity and is termed Coulomb plastic or treiboplastic behavior.
[7] Most laboratory studies of till deformation have used a constant velocity boundary condition and evaluated results in the context of a Coulomb plastic model in which shear strength is independent of strain rate and varies linearly with effective normal stress [e.g., Kamb, 1991 Kamb, , 2001 Iverson et al., , 1998 Tulaczyk et al., 2000] . By definition, the Coulomb failure criterion for frictional sliding (and also brittle fracture) is independent of strain rate or sliding velocity. Coulomb 0 s failure criterion is a relationship that describes stresses at failure; it is not a rheology or constitutive law relating stress and strain rate. Coulomb [1781] showed that the residual shear strength during frictional sliding between many types of surfaces varies roughly linearly with normal stress; he found the same relationship holds for the fracture strength or maximum (peak) frictional strength. Although Coulomb failure defines brittle deformation, several investigators have found that it applies to materials undergoing permanent -plastic-deformation [e.g., Kamb, 1991; Iverson et al., 1998; Tulaczyk et al., 2000] . In these cases, the plastic shear strength scales with mean stress, as predicted by Coulomb 0 s criterion; hence, the usage of Coulomb plastic deformation.
Previous Work
[8] Early studies of till deformation focused on rheologies of the form
where _ g is the strain rate, t shear stress, t c yield stress, and P e the effective normal stress (normal stress minus pore pressure). For example, Boulton and Hindmarsh [1987] used equation (1) to describe flow of till near the terminus of Breidamerkurjokull in Iceland. They reported values for n and m slightly above 1, these values suggest a slightly nonlinear viscous relation for till. A viscous till model, n = 1, has been assumed on a theoretical basis in many studies [e.g., Alley et al., 1989a Alley et al., , 1989b Hindmarsh, 1997; Fowler, 2003] . The other end-member of equation (1) is n = 1, which belongs to the family of models referred to as plastic deformation models because strain rate variations are extreme for even small changes in shear stress. In the limit, plastic deformation implies that strain rate cannot be predicted directly from shear stress.
[9] Relatively few controlled stress experiments have been conducted on till. Ho et al. [1996] carried out tests on Batestown till from the Lake Michigan Lobe of the Laurentide Ice Sheet, in which shear stress was stepped and the strain rate measured. In their tests, stress was held constant for 24 h, but strain rate decreased with time. This resulted in the stress exponent, n, decreasing with time. Ho et al. [1996] suggested an exponent of 1.3 -3.1 for stresses below the shear strength in both direct shear and triaxial configurations. Kamb [1991] carried out simple constant stress direct shear tests on till from Ice Stream B (now Whillans Ice Stream), Antarctica described by Engelhardt et al. [1990] . Below the shear strength of the till, shear strain rate decreased with time, whereas above the shear strength of the till the shear strain rate increased with time to presumably unrecordable levels. Kamb [1991] concluded that n would be large, approximating Coulomb plastic deformation. Constant shear stress experiments were also conducted in a ring shear device by Moore and Iverson [2002] , in which normal stress was reduced until creep occurred. That study showed that shear displacement results in dilation and pore pressure reduction within the deforming layer, limiting rapid shear.
[10] In practice, measurements of residual shear strength are often fitted by a Coulomb-Mohr failure envelope
where t res is the residual shear strength, c is cohesion, and f the angle of internal friction. Equation (2) is known to apply in many situations at and near Earth's surface. For example, it describes the strength of tectonic faults in Earth's upper crust.
[11] Experiments have shown that in addition to approximately obeying equation (2), residual shear strength for friction (and other measures of strength) often exhibits small, systematic variations with driving velocity or strain rate. In experiments on till, these results are described in the form
where t o is the steady state shear strength at a reference strain rate _ g 0 and t res is the steady state shear strength at a new strain rate _ g. The constant B has been estimated at $0.01-0.015 from studies on clays [Skempton, 1985; Mitchell and Soga, 2005] . Many materials exhibit a slight decrease in shear strength with increasing shear velocity, corresponding to a negative value of B. Iverson et al. [1998] obtained À0.01 for till from Storglaciaren and À0.010 for Two Rivers till. Equation (3) can be written as a flow law:
where k is 1/B and b is exp( -k) [Kamb, 1991; Hooke et al., 1997] . This form takes t res as the independent variable and predicts the shear strain rate.
[12] Equation (3) shares features of the rate and state friction laws developed in studies of rock friction and earthquake physics [e.g., Dieterich, 1979 Dieterich, , 1981 Ruina, 1983] . These studies show that friction exhibits small, systematic changes as a function of displacement history (state) and slip velocity (rate) [Marone, 1998 ]. Typically, the steady state coefficient of sliding friction varies with the log of sliding velocity and may increase or decrease with an increase in velocity, which is termed velocity-strengthening or velocity-weakening frictional behavior, respectively. The change in shear stress with velocity in rate and state friction would result in values of n above 60 [Kamb, 1991; Iverson et al., 1998; Tulaczyk et al., 2000; this study] . Some form of slip-weakening (decreased friction with increased shear strain) or velocity-weakening is required for stick-slip motion [Dieterich, 1979 [Dieterich, , 1981 . Stick-slip frictional motion is thought to be a good analog for seismic slip [Brace and Byerlee, 1966] and perhaps for recently discovered glacial earthquakes in Antarctica [e.g., Anandakrishnan and Bentley, 1993] and Greenland [Ekstrom et al., 2003 [Ekstrom et al., , 2006 .
Experimental Procedure

Testing Apparatus
[13] Experiments were conducted in a servocontrolled, double direct shear apparatus at room temperature under either saturated or nominally dry conditions. This apparatus consists of two hydraulic rams, which can be operated in constant velocity loading by displacement feedback or in constant shear stress loading by load feedback. The double direct shear geometry involves two layers of sample sandwiched between three forcing blocks (Figure 1 inset) . Forcing blocks are constructed from hardened steel with dimensions of 10 Â 10 Â 2 cm for the side blocks and 10 Â 15 Â 3 cm for the center block. Nominal frictional contact area is constant throughout shear at 10 Â 10 cm. Geometric thinning of the layer occurs as a consequence of shear, and layer thickness data are corrected accordingly [e.g., Scott et al., 1994] . The faces in contact with till are grooved Figure 1 . Shear stress plotted as a function of displacement and normal stress. Normal stress is held constant while the sample is sheared at a constant rate of 10 mm/s until a residual shear stress (t res ) value is obtained. The displacement rate is then stepped to investigate frictional properties of till. After completion of velocity steps, normal stress is increased to a new steady value and displacement repeated. (a) Caesar till is displaced to 12.2 mm before velocity steps, showing offsets where the DCDT was reset at 5 and 10 mm. After completion of velocity steps, normal stress is increased and the sample displaced 2.2 mm before velocity steps. Layer thickness evolves to a constant value before t res is obtained. Because of geometric effects, a constant slope represents a constant layer thickness during shear, and following standard practice this trend is removed [e.g., Scott et al., 1994] . Increases in layer thickness with changes in velocity result from dilation. (b) Matanuska till was displaced 1.6 mm before step increases in velocity. Complete displacement histories for all experiments can be found in Table 1 . Inset shows double direct shear geometry with shear stress applied vertically and normal stress horizontally. A grooved steel block is driven between two stationary grooved blocks. The nominal contact area is held constant at 10 Â 10 cm 2 , with an initial layer thickness of 1 cm. perpendicular to the shear direction to a depth of 0.8 mm and spacing of 1 mm, which ensures that shear occurs within the layer rather that at the till-steel interface [Anthony and Marone, 2005; Knuth and Marone, 2007] . Further details on the apparatus are given by Mair and Marone [1999] , Karner and Marone [2001] , and Frye and Marone [2002] .
[14] Samples were constructed in a leveling jig by placing a cellophane tape wall around the steel side blocks to 10 ± 0.2 mm above the top of the grooves, then filling the area with till. Precision ground blocks were used to level the till layer before placing the center block. The same procedure was used to construct two layers for each experiment (Figure 1 inset) . This produced an initial layer thickness of 10 ± 0.2 mm. Steel guide plates were attached to the unstressed sides of the sample to reduce till loss (Figure 1 inset). To prevent sample loss during shear, thin copper shims and a sheet of latex rubber were applied to the underside of the assembly. The base of each steel block was coated with a thin layer of molybdenum lubricant to reduce friction between the bottom of the side blocks and support blocks and allow sample dilation or compaction.
[15] Water-saturated experiments were conducted on Caesar till samples at room temperature and atmospheric pressure under saturated-drained conditions. In these experiments, a rubber sheet surrounding the block configuration was filled with water. The sample was allowed to equilibrate for 45 min, which was sufficient to completely saturate the layer.
[16] We measured shear and normal displacement and force continuously during all experiments using load cells and Direct Current Displacement Transducers (DCDT) attached to the load point. Experiments were run at constant normal stress, and thus displacements normal to the layer are changes in layer thickness. We measured initial layer thickness under load to an accuracy of ±0.01 mm and corrected these values for the elastic stiffness of the loading frame. Stiffness is 3.7 MN/cm and 5 MN/cm for the horizontal and vertical load frames, respectively. Shear strain within the layer was calculated as engineering shear strain, g
where x i is the displacement, h is the instantaneous layer thickness at increment i, and X max is the total displacement. Shearing velocity was controlled by updating a servocommand signal at 300 Hz. The control resolution of each ram is 0.1 mm/s in displacement feedback or 0.1 kN in load feedback. All signals were recorded at 16 or 24-bit resolution. Recording rate was kept !10 samples per micron of shear displacement in rate-controlled experiments. All creep experiments were recorded at a constant 10 Hz. Details of experiment conditions are given in Table 1 .
Sample Characteristics
[17] We collected till from the toe of the Matanuska Glacier, Alaska and the former Scioto Lobe of the Laurentide Ice Sheet in Columbus, Ohio. The latter has been identified as Caesar till and dates to $19,500 years ago [Haefner, 1999] . All samples were allowed to air-dry, then were disaggregated by hand before grain-size analysis separation. Grain sizes less than 63 mm were analyzed using laser diffraction on a Malvern Mastersizer. Caesar till is well sorted and composed primarily of sand-sized grains whereas Matanuska till is poorly sorted with more silt-sized grains. Details of the grain-size distributions are given in Table 2 .
[18] The testing arrangement requires that grains larger than 1 mm are removed to maintain a 10 to 1 ratio of layer thickness to maximum particle size. This ensures that shear is homogeneous, initially, and that a few, large, particles do not dominate stress-strain behavior. This limitation on particle size necessitated removing 57% and 18%, by weight, of the material collected from the Matanuska Glacier and Caesar till, respectively. Past experiments on multiple grain sizes and fractal grain-size distributions [Marone and Kilgore, 1993; Mair and Marone, 1999] indicate that large particles may affect fabric development, and second-order frictional characteristics; however, bulk rheology and frictional strength is unaffected. Variations in bulk clay mineral content, which may occur with sieving, are likely to have an effect on friction constitutive properties [e.g., Bird, 1984; Logan and Rauenzahn, 1987; Iverson et al., 1998; Brown et al., 2003; Ikari et al., 2007] ; however, most clay mineral grains are much smaller than our 1 mm cutoff size, so we do not expect significant variation via sieving. The effect of particle size on till rheology is an interesting issue and merits study, for example by stepwise removal of coarse particles, however, the present configuration is ill suited for such work.
Experimental Procedure 4.3.1. Constant Shear Velocity
[19] Experiments run under controlled slip velocity were employed to find the shear strength and rate-dependent strength of till. A normal stress was applied and held constant before the onset of shear. We first determined the steady state shear strength at a constant shear velocity of 10 mm/s and then changed shear velocity to 1, 3, 10, 30, 100, and 300 mm/s to investigate second-order frictional characteristics (Figure 1 ). Shear strength was measured as a residual value when stress no longer changed with displacement. Velocity steps resulted in small ''saw tooth'' variations in shear stress (Figure 1 ) with the first, negative, saw tooth the result of decreasing velocity from 10 to 1 mm/s. After the completion of shear velocity steps, normal stress was increased and the experiment repeated. To check reproducibility and stress history effects, normal stress was held constant or decreased in some experiments (Table 2) .
[20] We correct layer thickness data for geometric shear thinning, which occurs during direct shear, using a standard technique [Scott et al., 1994] ; our data show initial dilation and steady thickness (porosity) values during shearing (Figure 1a ). After the shear strength measurements, the subsequent step increase in shear velocity causes dilation (Figure 1) .
[21] The vertical ram is limited to 6 mm increments of displacement in high-resolution mode. After attaining 6 mm of displacement, the motion is stopped for 10-30 s while the vertical DCDT signal is reset. This procedure results in a shear stress drop (vertical curves in Figure 1a ) due to creep while the ram is held stationary, but shear stress quickly recovers when shear begins again.
[22] To investigate the second-order rate dependence of strength, we conducted experiments in which the rate of shearing is increased in a series of incremental steps. Shear velocity was varied from 1 to 300 mm/s (Figure 2) . A displacement of 400-450 mm at each velocity was sufficient for friction to reach a new steady level; the friction value at each velocity represents the steady state shear strength at that shear velocity. A step increase of velocity Displacement is indicated by D and rates are given in mm/s, and stress is indicated by S and step size is given in % of shear strength.
resulted in a sharp increase in friction of $0.01 followed by displacement-dependent decay to a new steady level over a characteristic distance. Once steady state friction was reached, a new velocity was imposed and the process repeated. Figure 2 inset presents a single velocity step.
Constant Shear Stress
[23] A series of experiments were conducted under constant shear stress conditions to investigate the timedependent deformational (or ''creep'') behavior of Caesar till. Controlling shear stress allowed for a direct measurement of the power law stress exponent, such as employed in some studies of till rheology. Experiments were performed at 0.5, 1, or 5 MPa normal stress and an initial layer thickness of 10 mm. Samples were sheared under both dry and water-saturated conditions. To account for minor variations in residual shear strength between experiments, one can normalize the shear stress value, t, by the residual shear strength t res measured in each experiment, and report these normalized stresses t*
[24] Our main set of creep experiments began with a shear displacement of 10 mm under controlled shear velocity of 10 mm/s (Figure 3 ). This provided a measurement of t res , and produced a consistent shear fabric within the layers. We found that it was important to keep the initial shear strain history identical between experiments, in order to account for minor variations in inferred fabric and t res . The boxed regions in Figure 3 represent portions of the experiment conducted in shear displacement control, whereas the central section of the experiment was conducted under controlled shear stress. Figure 3b presents the same experiment as Figure 3a plotted versus shear strain to highlight the displacement-controlled section of the experiment. Figure 3 also illustrates the difference in time and Figure 2 . Velocity stepping portion of experiment under controlled shear velocity for Caesar till. An initial displacement at 10 mm/s is followed by a series of steps. Velocity history is given. Inset shows frictional response to a step increase in velocity. When velocity is increased, frictional strength increases instantaneously and then decays over a characteristic sliding distance. In this example, the instantaneous increase is larger than the subsequent decay, and therefore steady state sliding friction increases with increasing velocity. strain of the two control modes. In displacement control (boxed regions) the amount of shear strain is large while the time is short. In stress control the shear strain is small until tertiary creep (accelerating shear strain rate). In Figure 3a tertiary creep is observed at $20 ks, when shear strain begins to increase rapidly.
[25] After the initial ''run in,'' we imposed a stepwise increasing shear stress. The initial shear stress applied was t* = 0.69 (chosen because of resolution limitations at lower strain rates), with values increased incrementally until tertiary creep (indicated by a rapid increase in shear strain; see Figure 3a ) was observed. Each shear stress step took <2 s, during which shear strain increased linearly. When this increase was completed, shear strain rate decay commenced. Shear stress was held constant for more than 45 min at each shear stress level. The stress step increments in creep experiments were either 0.02 or 0.05 t* and these were held constant during a given experiment.
[26] We also investigated the effect of initial shear strain history on rheology. Shear strain is used as a proxy for fabric development. Higher initial shear strains represent more evolved shear fabric. An example of a creep experiment without initial displacement is presented in Figure 4 . In these experiments, a small shear stress (<0.1 MPa) was applied in displacement control, then the experiment was switched to load control and the shear stress was quickly applied. During the initial application of shear stress, shear strain accumulated quickly. The stress-strain curves for the portion of several experiments before creep are shown in Figure 5 and indicate the consistency and experimental reproducibility that were necessary, and achieved, for these experiments. The amount of shear strain in each experiment in Figure 5 represents the total accumulated shear strain before beginning controlled stress. After the initial shear strain increment (g i ) at a constant shearing rate, creep was induced by controlling shear stress. In cases where a steady shear strength was not reached before creep began, an average value of t res , based on an initial slip displacement of 10 mm, was used. Layer thickness for representative experiments to g i > 1, and all experiments at shear strain g 1 < 1, are included in Figure 5 for reference. Porosity decreased from an initial value of 39 ± 4% to 27 ± 1% at steady state. These data show that reproducible values for the residual stress and the steady state layer thickness are achieved by shear strain of~0.3 indicating similar fabric development at similar shear strain.
Data and Observations
Shear Strength for Constant Rate of Shear Displacement
[27] The shear strength of Matanuska till (Figure 1b ) generally showed a gradual evolution to steady state with increasing displacement, whereas Caesar till (Figure 1a) often showed a pronounced peak at normal stresses below 1 MPa. After the peak, shear stress weakened to a steady shear strength (Figure 1a ). Peaks were most pronounced at the lowest normal stresses, becoming more gradual with increasing normal stress regardless of displacement history. Figure 1a shows peak stress at a shear strain of 0.25. For Caesar till, both air-dried and drained-saturated conditions were used. In the saturated case, larger displacements were required to obtain a residual shear strength, with most experiments showing significant strain softening. As we had less till from the Matanuska Glacier, we employed only dry experiments, lower displacements, and higher normal stresses in each experiment; therefore, it was necessary to record residual shear strength and friction at lower shear strains than for experiments on the Caesar till.
[28] Residual shear strengths were used to construct a Coulomb-Mohr failure envelope (Figure 6 ). Figure 6a shows residual shear strength as a function of normal stress over the entire experimental range, and Figure 6b shows the low normal stress range for all experiments. These data yield cohesion (c) and internal friction angle (f) values of 16.6 kPa and 31.4°for Matanuska till and 29.6 kPa and 29.4°for Caesar till, respectively. Slight differences in grain size distributions and sample locations did not affect the residual shear strength of Matanuska till (Figure 6 ). Saturation caused a decrease in cohesion and internal friction angle to À6.5 kPa and 28.0°, respectively, in Caesar till. Raising normal stresses above 1 MPa, resulted in a small ($2°) increase in internal friction angle and a reduction in cohesion for Caesar till. The negative cohesion values indicate that internal friction increases with increased normal stress, which is not unusual for low normal stresses. In cases where layer thickness is not constant when corrected for shear thinning, we have not included the shear strength measurements in our regression. Repeated experiments, and experiments in which the normal stress was decreased instead of increased, showed similar values of residual shear strength. Running the normal stress increments backward resulted in little change in residual shear strength (Table 2, Figure 2 ). The shear strength was also calculated after creep, and second-order variations such as strain hardening or softening investigated. The comparison of the shear strength data before and after the creep experiments showed variation of <2%.
Velocity Dependence and Frictional Constitutive Behavior
[29] The dependence of frictional strength on slip rate and slip history (e.g., memory or so-called state effects) was evaluated in the context of rate and state friction coupled with the Dieterich aging law
where m is the friction coefficient, m 0 is friction at a reference velocity (V 0 ), V the sliding velocity, q a state variable representing the average lifetime of contacts during shear, and D c the critical slip distance required to reach a new steady friction level [Dieterich, 1979 [Dieterich, , 1981 Marone, 1998; Scholz, 2002] . The constant a is termed the direct effect and represents the immediate increase in friction upon the change in velocity. The term b represents the evolution of friction to a new steady value. At steady state with dq/dt = 0, equations (5) and (6) yield the velocity dependence of friction, or friction rate parameter, a -b.
[30] Figure 2 inset defines the velocity and frictional terms of rate and state friction. The increase in friction at a velocity step is proportional to a times the log of the change in velocity; this is scaled by the stiffness of the testing machine. The direct friction change then decays to a new steady friction value over a characteristic slip distance, D c . Figure 2 inset shows velocity-strengthening frictional behavior for the first two velocity steps in which the steady state friction increases with velocity. In some cases, friction exhibited strain hardening or strain softening, which transcended velocity steps. These trends presumably reflect subtle changes in fabric or till particle characteristics, and following standard practice [e.g., Marone, 1998 ] we removed these trends before evaluating friction rate dependence. Each increase in shearing velocity caused dilation in the layer. The displacement length of this dilation scales with the critical slip distance. Our values for the friction rate parameter were recorded at constant layer thicknesses.
[31] The velocity dependence of friction was calculated for dry Matanuska till for normal stresses of 0.5 -5 MPa. For Caesar till, we determined friction velocity dependence for both saturated and dry samples. The shear strains at which friction values are taken vary because multiple normal stresses were investigated in each experiment (e.g., Figure 1 ). Figure 7 presents mean values of the friction rate parameter for all velocities at a given normal stress. Error bars represent one standard deviation from the mean. Till from the Matanuska Glacier showed velocity-strengthening behavior (friction rate parameter, a -b > 0) with the average value of the friction rate parameter decreasing steadily with increasing normal stress (Figure 7a) . Under dry conditions, Caesar till displays low values of the friction Figure 7b , samples show velocity strengthening with the friction rate parameter value decreasing above 0.5 MPa. For Figure 7c , water saturation decreases the variability in the friction rate parameter value but does not significantly impact the average value. rate parameter for normal stresses below 0.5 MPa, with the friction rate parameter exhibiting no clear dependence with normal stress below 1 MPa (Figure 7b ). Saturated Caesar till yields similar velocity-strengthening results, but with $10% lower mean values of the friction rate parameter (Figure 7c ). The friction rate parameter values from postcreep tests were $0.002 larger than those from experiments conducted in constant displacement mode throughout.
Time-Dependent Behavior
[32] In creep tests, each shear stress was held constant for 45 min, with shear strain rate determined during a 2-min window 40 min after the stress step. Stress steps began at t* $ 0.69; however, recording of shear strain rates <10 À7 s
À1
were unreliable because of noise. The typical response to a shear stress step was a jump in the shear strain rate followed by logarithmic decay of shear strain with time ( Figure 8 ). For t* > 0.9, tertiary (accelerating) creep was often seen (e.g., the t* = 0.94 curve in Figure 8 ). Figure 8 shows the shear strain history for all shear stress steps in a representative experiment. As shear stress increased and t* approached unity, both the relative amount of shear strain caused by each step and the shear strain rate increased.
[33] We determined stress exponents using a simple power flow law of the form
where _ g is shear strain rate, t* normalized shear stress, n stress exponent, and A is a constant that may depend on factors such as temperature, grain size, mineralogy and effective stress, among others. This formulation differs from equation (1) in that (1) we relate the shear strain rate _ g to the normalized shear stress t* (rather than the shear stress and effective pressure P e ) and (2) we assume that yield strength, t c $ 0. Careful analysis of the stress-strain curve in our experiments indicates that t c is small, with higher recording rates producing progressively smaller values. The case of small t c is not uncommon in soils [e.g., Mitchell and Soga, 2005, pp. 444 -456] .
[34] The value of n was 17.5 in experiments for samples with initial shear strain (g i ) >1 (Figure 9 ). Samples that experienced no initial shear strain (g i = 0) prior to creep exhibited n of 6.8 (Figure 9) . Error values for n should be assessed by experimental reproducibility; however, we do not report error values because of decreasing values of shear strain rate. For a given shear stress magnitude, the shear strain rate and corresponding stress exponent, n, varied systematically with initial (preconditioning) shear strain ( Figure 9 ). The data show that, in general, shear strain rates decrease and stress exponent values increase with increasing initial shear strain (Figure 9 ).
[35] In addition to the main set of creep experiments conducted at 1 MPa normal stress, suites of creep tests were conducted at 0.5 and 5 MPa (Table 2; Figure 10 ). These data show that normal stress did not have a significant impact on shear strain rate or n (Figure 10) . Creep experiments at 0.5 and 5 MPa normal stress with g i~0 exhibit a smaller shear strain rate than experiments conducted at 1 MPa normal stress. This variation is consistent with experimental reproducibility at 1 MPa normal stress. Increasing g i to $ 1 resulted in lower shear strain rate and increased n for both normal stresses (Figure 10 ). [36] Generally, the onset of tertiary creep began at lower values of t* for experiments with smaller g i . For experiments with g i = 0, tertiary creep occurred at all shear stresses greater than 0.9 t*. For g i ! 1, tertiary creep did not occur until t* ! 1. Note that shear stress can exceed t res because of healing and other second-order friction effects.
[37] The accumulation of shear strain is many times larger during tertiary creep than in logarithmic creep. In a few cases, we observed a transition from tertiary creep back to logarithmic decay of shear strain rate (Figure 8 ). The final stress step to t* = 0.94 (Figure 8) shows such a case of transiently accelerating creep. After a sample exhibited tertiary creep, all subsequent shear stress increases showed acceleration, even if the material had strengthened and transitioned back to a logarithmic decay in shear strain rate. Thus, after tertiary creep occurred we ceased creep tests, and data associated with tertiary creep are not considered in calculations of stress exponents.
Discussion
Coulomb Plastic Failure
[38] Our data are well represented by a linear Coulomb failure envelope, with a small rate dependence of shear strength. Residual shear strength for both Matanuska and Caesar till increased linearly with normal stress, with cohesion near zero. Saturation reduced the residual shear strength and cohesion values. The small, positive, friction rate parameter values show that tills studied under these conditions are not perfectly Coulomb plastic. However, the small dependence of friction and strength on velocity does allow for the Coulomb plastic generalization for many purposes [Kamb, 1991; Iverson et al., 1998; Tulaczyk et al., 2000] . Casting friction values in terms of equation (10) yields n > 60 in all experiments, justifying a plastic approximation. When analyzed in terms of equation (3) these data correspond to B values of $0.004 to $0.01, comparable to previous studies of till and soils [e.g., Iverson et al., 1998; Tulaczyk et al., 2000; Mitchell and Soga, 2005] .
[39] We observe large stress exponents (n > 10), indicating nearly Coulomb plastic deformation, in creep experiments when an inferred fabric was present and/or when t* exceeded 0.90 (Figure 9 ). Increasing shear strain is generally observed to lead to shear fabric development within sheared granular and clay-rich materials [e.g., Logan et al., 1979] , so we infer that high stress or fabric development favors Coulomb plastic behavior. At g i > 0.15, shear strain rate decreases with increased shear strain while stress sensitivity increases, indicating a transition to more plastic deformation. Once a g i of $1 was attained, the sensitivity of shear strain rate to accumulated shear strain saturated, and no further decrease in shear strain rate was observed with increasing shear strain. We infer that a relatively steady fabric was achieved for shear strain of approximately 1. The progression of till fabrics observed in this study is consistent with studies of till micromorphology [e.g., Thomason and Iverson, 2006; Larsen et al., 2006; Iverson et al., 2008] . In our experiments, rheology did not vary significantly above shear strain of 1; however, it is possible that grains are rotating and becoming aligned at higher shear strain. We did not conduct detailed fabric analysis to analyze fabric at higher shear strains.
[40] For shear stress levels above 0.90 t*, tertiary creep and high stress exponent behavior are observed in samples with g i = 0. In experiments with g i $ 1, tertiary creep was not observed until higher shear stresses. Grain rearrangement and shear compaction in high shear strain experiments may have led to a slight strengthening in the till layers, keeping these experiments from showing tertiary creep over the timescale of our steps. In creep experiments, tertiary creep is not expected at low shear stress [e.g., Mitchell and Soga, 2005] . It is possible that holding shear stress longer at a given level could lead to grain reorientation into weaker positions producing tertiary creep at our highest stresses [Feda, 1992; Mitchell and Soga, 2005] ; however, this is beyond the scope of the present study.
Rate and State Friction
[41] In addition to calculating the friction rate parameter with equation (7), we developed simple forward and inverse models of the rate and state friction. In order to calculate accurate values for the rate and state parameters a, b, and D c , machine and sample stiffness must be taken into account [Marone et al., 1990] . The machine stiffness is known from calibrations; to get the effective stiffness of the machine with sample assembly, we used the initial slope of the friction displacement curve at step increases in load point velocity. The positive rate dependence of friction for a jump in driving velocity, characterized by the friction parameter a, produces a linear elastic stress increase that is a measure of effective system stiffness In our experiments, this stiffness (when normalized by the applied normal stress) was 0.005 mm À1 at a normal stress of 1 MPa. [42] For Matanuska till, the decrease in friction rate parameter with increasing normal stress (Figure 7 Figure 7 . These data are consistent with reported values of the friction rate parameter, in which values are slightly positive or negative in glacial till [Tika et al., 1996; Iverson et al., 1998 ] and fault gouge [e.g., Marone et al., 1990; Marone, 1998 , Scholz, 2002 .
Pseudoviscous Deformation During Nonsteady Creep
[43] We use the term pseudoviscous to describe deformation for which shear stress is nearly linearly related to shear strain (e.g., Newtonian). Our results are consistent with previous studies of polymineralic granular and clay-rich materials showing that inelastic yielding (creep) begins at very low resolved shear stress [Bishop, 1966; Karner and Marone, 2001; Mitchell and Soga, 2005] . Our data indicate a stress exponent of 6.8 for tills with no initial shear fabric and stresses below 0.9 t* when determined on the basis of data collected 40 min after stress steps using equation (10). For comparison, the value of n is 9.0 when determined from shear strain rate 20 min after the shear stress step. Because shear strain rate continues to decay with time following a shear stress increase, the value of n likely continues to decrease. Experiments at g i > 1, show larger values of n than experiments at g i $ 0.
[44] The experiments of Ho et al. [1996] showed smaller, more nearly linear-viscous, values of n for Batestown till, with the strain rate still decreasing after 24 h. These variations in n indicate that true secondary creep (constant shear strain rate) was not attained in those experiments. Previous work has indicated that true secondary creep may not be possible during frictional shear of a granular layer, due to continuous formation and breaking of adhesive contact bonds and grain rearrangement throughout deformation [e.g., Feda, 1992; Mitchell and Soga, 2005, section 12.3] . Thus, the reported values of n in this study represent maximum values of the power law stress exponent, and should be used with care.
Recovery
[45] As discussed earlier, a small recovery of the shear strength was seen in many cases during tertiary creep, leading to a transition back to logarithmically decaying shear strain rate. In all cases of a transition from tertiary creep, the slip velocity was <1000 mm/s, which is well within the capabilities of the testing apparatus, indicating that the strengthening was not a machine artifact. Similar behavior was seen in the normal stress reduction experiments done by Moore and Iverson [2002] . In both cases, the recovery of the sample is thought to be the result of material conditions, not apparatus effects. Moore and Iverson [2002] showed that this transition correlated with nonsteady pore pressure created by layer thickness variations during shear.
[46] In our experiments, the slight strengthening within the layer and transition from tertiary to logarithmic creep was seen under both dry and water-saturated conditions. This implies that localized pore pressure oscillations and feedbacks could not have produced the material strengthening in at least some of our experiments. Additionally, the change in layer thickness with shear strain became slightly more negative than in other portions of the experiment during the transition from tertiary to logarithmic creep in some, but not all, experiments. This change in slope represents a slight compaction or a decrease in dilatancy.
Normal Stress Independence of Rheology
[47] In both controlled shear velocity and shear stress experiments, changing normal stress did not change the observed rheology. Velocity dependence of friction did have slight variations with normal stress from 50 kPa to 5 MPa ( Figures 4a and 4b) ; however, the small change of the friction rate parameter corresponds to a large n and nearly Coulomb plastic rheology. Results of creep experiments at 0.5, 1, and 5 MPa show nearly identical shear strain rates and n values (Figure 10 ). These data imply that rheology at stresses relevant in glacial settings is relatively insensitive to normal stress within the range tested.
Conclusions
[48] Our experiments show that till behaves as a nearly plastic material at its shear strength and as a power law creep material (nearly viscous) at stresses below 90% of the residual shear strength and at shear strains much lower than 1. The power law stress exponent n increases systematically with initial shear strain and fabric development in sheared till. We hypothesize that the transition from pseudoviscous to plastic behavior, which occurs with increasing shear stress, is due to shear localization and formation of one or more discrete shear bands within the layer. This hypothesis will be tested further in future experiments. During tertiary creep at or near the shear strength, acceleration occurred with essentially plastic deformation taking place. Controlling the shear rate and keeping till at its shear strength shows plastic deformation with little stress dependence on the shear strain rate. This is represented by a slight velocitystrengthening trend corresponding, to n > 60.
[49] The results of this study imply that a viscous or pseudoviscous process could take place within basal till of a glacier prior to the onset of plastic deformation [Alley, 2000] . In cases where slow relative strains are occurring within the bed of a glacier, the shear stress applied may be lower than the shear strength of the bed. In this case, slow pseudoviscous creep could occur. If the shear stress on the bed is near or larger than the shear strength of the underlying bed, a plastic model of deformation seems likely. The initial viscous or pseudoviscous behavior only occurs at low strains of order 1 or less. Permeability and consolidation state complicates the natural system. In cases where pore pressure diffusion is slow (e.g., sufficiently impermeable till), a dilatant-hardening system could preclude viscous deformation [e.g., Moore and Iverson, 2002] . Our results suggest that once significant strain occurs within the bed, some mechanism, such as, ice quakes, ploughing, etc., would be needed to destroy the effects of shear strain for the possibility of viscous deformation, but these hypotheses need to be tested. Regulation processes such as dilatant hardening could control deformation even if shear fabric is destroyed.
